Inhibition of cAMP-dependent stimulation of the vectorial fluid transport across the lung epithelium following hemorrhagic shock is mediated by NO released within the airspaces of the lung. We tested here the hypothesis that prior induction of HO-1 would attenuate the release of NO in the airspaces, thus preventing the inhibition of the c-AMP stimulation of alveolar fluid clearance (ALC) in rats. Indeed, HO-1 induction restored the cAMP-mediated up-regulation of ALC after hemorrhage by decreasing NO released within the airspaces of the lung. In vitro studies demonstrated that HO-1 induction significantly reduced the iNOS-mediated release of NO by alveolar macrophages stimulated with endotoxin for 24 h. This effect is explained in part by a HO-1-dependent attenuation of the LPS-mediated nuclear translocation of NF-κB. In addition, HO-1 induction also significantly reduced the iNOS-mediated release of NO by MH-S cells that were stimulated with interferon-γ by decreasing the phosphorylation of STAT 1, another transcription factor important for the activation of the iNOS promoter. In contrast, HO-1 induction did not affect the production of NO by rat alveolar epithelial type II cells that were stimulated with cytomix (a mixture of TNF-α, IL-1β, and IFN-γ) for 24 h. In summary, these results provide the first in vivo evidence that the induction of HO-1 in the lung restores a normal fluid transport capacity of the alveolar epithelium following hemorrhagic shock by inhibiting the iNOS-mediated release of NO by alveolar macrophages.
inflammatory response within the airspaces associated with the release of oxygen radicals, proinflammatory cytokines (TNF-α and IL1-β) and nitric oxide (NO) through the activation of inducible NO synthase (iNOS) (5) . In particular, NO released within the airspaces secondary to the NF-κB-dependent activation of iNOS is one of the major proximal mediators of the oxidantmediated decrease in the fluid transport capacity of the alveolar epithelium after prolonged hemorrhagic shock (5) .
We have previously reported that stress preconditioning either with heat or non-thermal stimuli protects the alveolar epithelium against oxidative stress by increasing the cellular levels of some constitutive and inducible stress proteins (6) . Among the many classes of inducible stress proteins, heme oxygenase-1 (HO-1) is one the heat-shock proteins best characterized with respect to its possible protective role in lung biology (7) . HO-1 can be induced not only by the substrate heme but also by a variety of agents that cause oxidative stress, including hydrogen peroxide, glutathione depleters, ultraviolet irradiation, endotoxin, and hyperoxia (7) . One interpretation of this finding is that HO-1 can serve as a key biological molecule in the defense against oxidative stress. Indeed, induction of HO-1 in the lung protects against oxidative stress via its anti-inflammatory properties (8) (9) (10) . HO-1 reduces oxidative stress through the biological actions of its reaction products CO (11, 12) and biliverdin/bilirubin (13, 14) . Recently, Otterbein et al. demonstrated that CO elicits its cytoprotective and anti-inflammatory function through the selective activation of the mitogen-activated protein kinase (MAPK) p38 (15) . CO has also antiplatelet aggregation and vasodilatory effects via the activation of the guanylate cyclase (16) . HO-1 has been shown to modulate NO production by alveolar macrophages, although the mechanisms explaining the HO-1-mediated inhibition of inducible nitric oxide synthase expression (iNOS) are not completely understood. Moreover, whether the induction of HO-1 would modulate the NO-dependent inhibition of the cAMP-regulated vectorial fluid transport across the alveolar epithelium is still unknown.
The first objective of these studies was therefore to determine whether prior induction of HO-1 secondary to the i.v. administration of hemoglobin would attenuate the release of airspace NO responsible for the shock-mediated failure of the lung epithelium to respond to catecholamines in rats. Induction of HO-1 in the lung did restore the cAMP-mediated up-regulation of alveolar liquid clearance after hemorrhage by decreasing the release of NO within the airspaces of lung. Alveolar macrophages and alveolar epithelial cells have been shown to be both a major source of NO production within the airspaces of the lung (17) . Thus, the second objective was to test the hypothesis that in vitro induction of HO-1 would attenuate the production of NO either by alveolar macrophages and/or by alveolar epithelial cells. Induction of HO-1 with cobalt chloride or hemin significantly decreased the production of NO by endotoxin-stimulated alveolar macrophages, but not by rat alveolar epithelial type II cell monolayers stimulated with cytomix (a mixture of TNF-α, IL-1β, and IFN-γ) for 24 h. The last objective was to determine the mechanisms involved in the HO-1-mediated inhibition of the endotoxin-or interferon-γ-dependent release of NO by alveolar macrophages.
MATERIALS AND METHODS

Material and reagents
Male Sprague Dawley rats weighing 300-350 g were purchased from Charles River Laboratories (Wilmington, MA). Recombinant TNF-α, IL1-β, and IFN-γ were purchased from Roche Biochemicals (Indianapolis, IN), and the chemiluminescence kit was obtained from Amersham (Piscataway, NJ). Tin protoporphyrin IX (SnPP) was purchased from Porphyrin Products (Logan UT). Anti-iNOS antibody was purchased from Transduction Laboratories (Lexington, KY). Phosphoantibody for IκBα were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Phosphoantibody for the p65 subunit of NF-κB and for the P38 MAP kinase were purchased from Cell Signaling Technology (Beverly, MA). Goat anti-mouse secondary antibody conjugated with HRP was purchased from ICN (Costa Mesa, CA). [γ-
32 P]ATP was purchased from Perkin Elmer Life Sciences (Boston, MA). NF-κB consensus oligonucleotide probes were purchased from Promega (Madison, WI). Poly(dI-dC) was obtained from Amersham (Piscataway, NJ). SB203580, an inhibitor of the α-and β-isoforms of P38 MAP kinase was obtained from Calbiochem (San Diego, CA). Protein concentration of cell lysates was determined using the Bio-Rad protein assay kit with BSA as the standard (Hercules, CA). All other chemicals were purchased from Sigma (St Louis, MO).
Lung barrier function studies
The protocol for these studies was approved by the UCSF Animal Research Committee. Sprague Dawley rats (300-350 g) were anesthetized with pentobarbital sodium (60 mg/kg i.p), then 30 mg/kg i.p. every 2 h. After placement of a tracheostomy, the rats were maintained in lateral decubitus position and were mechanically ventilated with an inspired oxygen fraction of 1.0 and a peak airway pressure of 8-12 cm H 2 O supplemented with a positive end-expiratory pressure of 3 cm H 2 O. The respiratory rate was adjusted to maintain a PaCO2 between 35 and 40 mm Hg, as we have done before (4, 18) .
To measure lung endothelial and epithelial protein permeability and alveolar fluid clearance, 131 I-and 125 I-labeled human albumin, as well as the non-labeled 4% albumin solution, were administered to the animals as previously published (4, 18) . At the end of the experiment, an alveolar fluid sample from the distal airspaces (0.1-0.2 ml) was obtained, and the total protein concentration and the radioactivity of the liquid sampled were measured. The right and left lungs were homogenized separately for radioactivity counts.
To determine the production of nitrite by alveolar macrophages, hemorrhaged and fluid resuscitated rats had their lungs lavaged twice with sterile PBS (10 ml) 6 h after onset of shock. After centrifugation and resuspension in sterile RBC lysis buffer, the cells were recovered by centrifugation, counted, and plated in serum-free RPMI-1640 medium (1×10 6 cells) on 96-well tissue culture plates. Cells were treated with a range of lipopolysaccharide concentrations from 0, 1, or 10 ng/ml (E. Coli 055:B5). After 24 h, nitrite production was quantified using a modified Griess Reagent.
Specific Protocols
Group 1: hemorrhagic shock and fluid resuscitation (n=29). The first series of experiments included rats that were hemorrhaged and resuscitated in order to determine the effect of hemorrhagic shock and fluid resuscitation on fluid transport across the lung epithelium. Five hours after the onset of hemorrhagic shock, 3 ml/kg of the 5% bovine albumin solution with 1 µCi of 125 I-albumin were instilled into the left lung. In some experiments, epinephrine was added to the protein solution instilled into the distal airspaces at a concentration of 10 −5 M. In some experiments, the production of nitrite by alveolar macrophages after hemorrhagic shock was measured by using the protocol described previously.
Group 2: HO-1 induction (n=52). HO-1 expression in the lung was obtained by administering i.v. hemoglobin (300 mg/kg) 16 h prior to the onset of hemorrhage. Hemorrhagic shock and fluid resuscitation were performed as described before. In some experiments, SnPP (50 µmol/kg) was administered subcutaneously 5 h prior to the administration of i.v. hemoglobin to block the induction of HO-1 expression in the lung by i.v. hemoglobin. In some experiments, the effect of HO-1 induction on the production of nitrite by alveolar macrophages after hemorrhagic shock was measured by using the protocol described previously. In pilot experiments, we found that the administration of i.v. hemoglobin or s.c. SnPP did not affect basal alveolar fluid clearance in rats.
The third series of experiments was designed to measure HO-1 activity in rat lungs after HO-1 induction with i.v. hemoglobin. HO-1 activity was measured 16 h after the administration of i.v. hemoglobin, at a time corresponding to the onset of hemorrhage in rats that underwent hemorrhagic shock and were pretreated with i.v. hemoglobin. In some experiments, rats were pretreated with SnPP 5 h prior to the i.v. administration of hemoglobin or its vehicle. For all experimental groups, appropriate controls were done using the same experimental protocol.
Measurements
Hemodynamics, pulmonary gas exchange, and protein concentration Systemic arterial, central venous, and airway pressures were continuously measured. Arterial blood gases were measured at 1 h intervals. Samples from the instilled protein solution, from final distal airspace fluid and from initial and final blood, were collected to measure total protein concentration with an automated analyzer (AA2 Technicon, Tarrytown, NY).
Albumin flux across endothelial and epithelial barriers
Two different methods were used to measure the flux of albumin across the lung endothelial and epithelial barriers, as we have done before (4, 18) . The first method measures residual 125 Ialbumin (the airspace protein tracer) in the lungs as well as accumulation of 125 I-albumin in plasma. The second method measures 125 I-albumin (the vascular protein tracer) in the extravascular space of the lungs (4, 18) .
Alveolar fluid clearance
Changes in the concentration of the non-labeled bovine albumin and the instilled 125 I-albumin over the study period (1 h) were used to measure fluid clearance from the distal airspaces, as we have done before (4, 18) . A good correlation exists between the changes in the concentration of instilled non-labeled bovine albumin and 125 I-albumin.
Tracer binding measurement
To determine 125 I binding to albumin, trichloracetic acid (20%) was added to all tubes, which were then centrifuged to obtain the supernatant for measurement of free 125 I radioactivity. The results are expressed as a percentage of the unbound 125 I radioactivity to the total amount of 125 I-albumin radioactivity instilled. These fluid samples always had less than 1% of unbound iodine present.
Effect of in vitro HO-1 induction on NO release by MHS and alveolar epithelial type II cell monolayers
MHS cells, a mouse alveolar macrophage cell line that shares many characteristics with primary alveolar macrophages was plated (500,000 cells/well) in RPMI 1640 medium containing 10% fetal bovine serum and 1% penicillin/streptomycin/amphotericin (GIBCO BRL). Twenty-four hours after plating, MH-S monolayers were treated with CoCl2 or hemin as well with LPS. In some experiments, SnPP was added to the cell medium 1 h prior to the addition of CoCl2 or hemin and LPS in order to block the induction of HO-1 expression in MHS cells.
Primary cultures of rat alveolar epithelial cells were used for the in vitro studies. Rat ATII cells were isolated by elastase digestion and selective adhesion plating on rat immunoglobulin G, as previously reported (19) . Rat ATII cells were plated on 6.5 mm polycarbonate transwells (Corning Costar Co., Cambridge, MA) with a 0.4 µm pore size. Cells were seeded at a concentration of 1.5 × 10 6 cells/cm 2 in DMEM-H21 medium containing 10% low endotoxin fetal bovine serum, and 1% penicillin and streptomycin and kept at 37°C in a humidified 95% air-5% CO 2 environment. Twenty-four hours later, nonadherent epithelial cells were removed by washing with PBS, and fresh medium was added to the lower compartments of the transwells, thus maintaining the ATII cell monolayers with an air-liquid interface on their apical side. After 72-96 h, cells form confluent monolayers that reach a transepithelial electrical resistance greater than 1500 ohms.cm 2 .
At day 4 after plating, rat ATII cells monolayers were treated with CoCl2 or hemin and stimulated by a mixture of proinflammatory cytokines (cytomix) (IL-1β, TNF-α, IFN-γ) at a concentration of 10 ng/ml for 24 h. Pilot experiments demonstrated that CoCl2, hemin, SnPP, or cytomix did not affect the viability of MHS or rat ATII cells at the concentrations used in the present experiments.
Measurement of HO-1 activity
Assays were conducted in reduced light. Twenty microliters of lung or cell (MHS or ATII cells) 12,500 × g supernatants were reacted with NADPH and hemin in a septum-sealed, ambercolored vial at 37°C. Vials were purged with CO-free air and allowed to incubate for 15 min in the dark. The reaction was stopped with dry ice, and CO generation in the vial gas headspace was analyzed by gas chromatography, as we have done before (20) .
Western blot measurements
Western blot analysis was performed as described previously (5, 6) . After equal amounts of protein were loaded in each lane and separated using 10% SDS-PAGE, proteins were transferred to Immobilon-P membranes (Millipore, Bedford, MA). Primary antibodies were detected via incubation with HRP-conjugated secondary antibodies and the protein bands visualized using chemiluminescence. Quantification was done using a digital image analysis system (NIH Image, Bethesda, MD).
Electrophoretic mobility shift assay
For nuclear protein isolation, MHS cells were washed three times with cold PBS and then harvested by scraping. Cells were collected by centrifugation, and the cell pellets were resuspended in lysis buffer [10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.5 mM DTT, 0.4% NP-40 and 0.5 mM PMSF]. After incubation on ice for 10 min, crude nuclei were isolated by centrifugation at 10,000 x g for 10 min at 4°C. The supernatant was removed, a volume of a high-salt extraction buffer [20 mM HEPES (pH 7.9), 420 mM NaCl, 0.5 mM DTT, 1 mM EDTA, 0.5 mM PMSF] corresponding to three times of the volume of cell pellet was added and the suspension was incubated on a rotary shaker for 30 min at 4°C. The sample was centrifuged at 16,000 x g for 30 min at 4°C, the supernatant (containing extracted nuclear proteins) was collected, protein concentration was determined, and the lysate was stored at -70°C until further use.
Electrophoretic mobility shift assay (EMSA) was performed using an NF-κB consensus oligonucleotide probe (5′-ATG TGA GGG GAC TTT CCC AGG C-3′) that was end-labeled with [γ-32 P]ATP. Nuclear protein (5 µg) was incubated with 100,000 cpm of 32 P-labeled NF-κB consensus nucleotide for 20 min in a binding buffer consisting of 10 mM Tris-HCl (pH 7.5), 1 mM MgCl 2 , 50 mM NaCl, 0.5 mM DTT, 0.5 mM EDTA, 4% glycerol, and 1 µg of poly(dI-dC). The specificity of the DNA/protein binding was determined by competition reactions in which a 100-fold molar excess of unlabeled NF-κB oligonucleotide was added. After incubation, the samples were analyzed by non-denaturing electrophoresis and the bands visualized by autoradiography.
Statistics
All the data are summarized as mean ± SEM. One-way ANOVA and the Fisher's exact t-test were used to compare experimental with control groups. A P value of <0.05 was considered statistically significant.
RESULTS
Hemorrhagic shock decreases alveolar epithelial fluid transport
Hemorrhagic shock was induced by withdrawing 35 ± 3% of the blood volume (9.4 ± 0.4 ml) causing systemic arterial hypotension (Table 1 ) and metabolic acidosis ( Table 2) . After fluid resuscitation, base deficit and mean arterial pressure normalized and were within the physiologic range when the protein solution was instilled into the airspaces of the lung. Arterial PO2 and PCO2 were not statistically different between the experimental groups throughout the study (data not shown). Hemorrhagic shock was associated with a failure of the alveolar epithelium to increase vectorial fluid transport in response to catecholamines, despite the absence of any increase in the alveolar epithelial permeability to protein measured with 125 I-albumin (data not shown). The final-to-initial distal airspace unlabeled protein concentration and alveolar fluid clearance did not increase in hemorrhaged rats despite adding epinephrine to the instilled protein solution in order to maximize the response of β-adrenergic receptors (Table 3 , Fig. 2 ). Finally, hemorrhagic shock was associated with a moderate increase in lung endothelial permeability to protein as indicated by the significant increase in extravascular plasma equivalents of noninstilled lung in hemorrhaged rats compared with controls (Table 4) .
HO-1 induction restores normal alveolar epithelial fluid transport after hemorrhagic shock
Recent experimental work indicates that HO-1 induction in the lung protects against oxidative stress via its anti-inflammatory properties (7). Thus, rats that had been pretreated with i.v. hemoglobin or its vehicle (as described in Fig. 1 ) underwent a hemorrhagic shock similar to that of non-pretreated rats. The quantity of blood removed, systemic arterial hypotension, metabolic acidosis, and calculated arterial base deficit were comparable in all experimental groups (Tables  1 and 2 ).
Administration of i.v. hemoglobin caused a significant increase in the HO-1 activity in the lung 16 h later, a time corresponding to the onset of hemorrhage in rats that underwent hemorrhagic shock and were pretreated with i.v. hemoglobin (Fig. 3) . This increase in HO-1 activity was prevented by pretreating the animals with s.c. SnPP 5 h prior to the i.v. administration of hemoglobin (Fig. 3) . HO-1 induction preserved the ability of the alveolar epithelium to upregulate vectorial fluid transport in response to catecholamines in hemorrhaged rats (Table 3 , Fig. 2 ). HO-1 induction also significantly attenuated the shock-induced increase in lung endothelial permeability (Table 4) . Furthermore, HO-1 induction did attenuate the shockmediated release of NO by macrophages recovered from the distal airspaces of the lung of control and hemorrhaged rats and then cultured ex vivo for 24 h in presence of increasing concentrations of LPS (Fig. 4) .
HO-1 induction attenuates the release of NO by alveolar macrophages, but not by alveolar epithelial cells
Alveolar macrophages and alveolar epithelial cells both have been shown to be a source of NO released within the airspaces of the lung (17) . MH-S cells, an alveolar macrophage cell line, were treated with CoCl2 and/or SnPP in presence of LPS or its vehicle for 24 h. Exposure to CoCl2 caused a significant increase in HO-1 activity (Fig. 5A) . A 15-fold increase was found in the production of nitrite in the medium of MH-S cell monolayers 24 h after stimulation with LPS (Fig. 5B) . LPS-mediated NO release by MH-S cells was significantly reduced by pretreatment with CoCl2 (100 µM; Fig. 5B ) and completely inhibited with CoCl2 (200 µM, data not shown). Similarly, a significant increase was found in iNOS protein expression in MH-S cells exposed to LPS, an effect that was attenuated by exposure to CoCl2 (Fig. 5C) . Finally, comparable results were obtained when HO-1 activity was increased by exposing MH-S cells to hemin instead of CoCl2 (Fig. 5D) . Under the experimental conditions used in these experiments, cell death measured by Trypan blue exclusion was less than 2%.
To determine whether HO-1 induction attenuates NO production in rat alveolar epithelial cells, ATII cell monolayers were treated with CoCl2 in presence of cytomix for 24 h. Exposure to CoCl2 caused a significant increase in HO-1 activity (Fig. 6A) . A twofold increase was found in the production of nitrite in the medium of ATII cell monolayers 24 h after stimulation with cytomix (Fig. 6B) . Pretreatment with CoCl2 did not reduce the release of nitrite by polarized lung epithelial cells upon stimulation with cytomix (Fig. 6B) . Increasing the dose of CoCl2 to 150 µM did not affect the release of NO by lung epithelial cells exposed to cytomix (data not shown). Similarly, exposure to hemin did not reduce NO release by rat lung epithelial cells (Fig.  6C) . Under the experimental conditions used in these experiments, cell death measured by Trypan blue exclusion was less than 2%. Thus, HO-1 induction significantly reduced the release of NO by alveolar macrophages upon stimulation with endotoxin but did not affect the production of NO by rat ATII cells stimulated with proinflammatory cytokines.
HO-1 induction attenuates endotoxin-mediated NF-κB activation in alveolar macrophages
NF-κB has previously been shown to be an important transcription factor that activates iNOS promoter upon stimulation with endotoxin or proinflammatory cytokines, such as TNF-α or IL-1β (21) . The next series of experiments were designed to determine whether HO-1 induction would affect LPS-mediated activation of the NF-κB pathway in MH-S cells. In the control cells, addition of endotoxin resulted in the translocation of NF-κB subunits, p50/p65, into the nucleus and their binding to a NF-κB consensus nucleotide (Fig. 7A) . In contrast, prior HO-1 induction effectively blocked p50/p65 activation (Fig. 7A) . Furthermore, prior HO-1 induction decreased the ability of endotoxin to induce the phosphorylation of both IκBα and p65 subunit of NF-κB in MH-S cells by a p38-independent mechanism (Fig. 7B) . Indeed, HO-1 induction with COCl2 in MH-S cells did not cause the phosphorylation of the p38 MAP kinase (Fig. 7C) . Taken together, these results indicate that HO-1 induction attenuates LPS-induced iNOS expression in part by inhibiting the activation of the NF-κB signaling pathway by endotoxin.
HO-1 induction reduces interferon-γ-mediated Jak-Stat 1 activation and NO release by alveolar macrophages
The next series of experiments were designed to determine whether prior HO-1 activation would affect NO production by MH-S cells after stimulation of these cells by interferon-gamma (IFN-γ). IFN-γ is an important proinflammatory cytokine released within the distal airspaces of the lung after hemorrhage or endotoxin administration (22) ; its transcriptional effect on iNOS promoter is mediated by the signal transducer and activator of transcription (STAT) 1 (23) . First, HO-1 induction by COCl2 caused a dose-dependent decrease in IFN-γ-induced-release of NO by MH-S cells (Fig. 8A) . Furthermore, phosphorylation of Stat 1 by IFN-γ was attenuated in MH-S cells that were incubated overnight with CoCl2 in a p38 MAP kinase-independent manner (Fig.  8B) . Taken together, these results indicate that HO-1 induction attenuates IFN-γ-induced NO production in alveolar macrophages in part by inhibiting the activation of the Jak-Stat 1 signaling pathway by IFN-γ.
DISCUSSION
Under pathological conditions that predispose to the development of acute lung injury (septic or hemorrhagic shock), up-regulation of alveolar epithelial fluid transport by endogenous catecholamines is a major mechanism that prevents alveolar flooding (2-4). After severe hemorrhage, however, this protective mechanism is abolished by the development of an inflammatory response that is associated with the release of radical nitrogen species within the airspaces of the lung (5). We have previously shown in animal studies that stress preconditioning, via whole body hyperthermia or geldanamycin exposure, attenuated NOmediated oxidative stress to the alveolar epithelium following hemorrhagic shock. This protective effect was mediated in part by an attenuation of the NF-κB pathway and resulted in a restoration of a normal fluid transport capacity of the alveolar epithelium in the early phase following hemorrhagic shock (6) . Stress preconditioning is associated with the expression of several inducible heat-shock proteins, such as Hsp 90, Hsp72, Hsp 27, or HO-1. The specific role of these inducible heat-shock proteins in the protective effect associated with the activation of the stress response is not completely understood. However, HO-1 is one the heat-shock proteins best characterized with respect to its possible protective role in lung biology. Induction of HO-1 in the lung protects against oxidative stress (8-10) and mediates the anti-inflammatory effect of IL-10 (24). Therefore, we hypothesized in the present study that prior HO-1 induction in the lung could decrease the release of NO within the airspaces of the lung following hemorrhagic shock. This is turn would lead to a decrease in the oxidative stress experienced by the alveolar epithelium and potentially restore a physiological response of this lung barrier to catecholamines following hemorrhage.
As we have shown here, increased HO-1 activity in the lung did result (a) in the restoration of c-AMP dependent up-regulation of vectorial fluid transport across the alveolar epithelium and (b) in a complete inhibition of the lung vascular permeability associated with hemorrhagic shock. These results are in line with prior studies showing that in vivo induction of HO-1 in rat prevented the systemic responses to hemorrhagic shock (25) and reduced hemorrhage-induced leukocyte adherence in small mesenteric veins (14) . Recent work from our laboratory has provided in vivo evidence that NO is the proximal mediator of the inflammatory response that limits the rate of alveolar epithelial transport after prolonged hemorrhagic shock. Increased levels of NO appeared to directly alter the function of membrane proteins involved in β-adrenergic receptor-cAMP signaling pathways (5) and cause the inhibition of cation channels present on alveolar epithelial type II cells (26, 27) . Consistent with our previous observations, we have shown in the present study that HO-1 induction caused a significant attenuation of the shock-mediated release of NO in the lung. Several mechanisms might explain why attenuation of NO induction helps to restore the response of the alveolar epithelium to β-adrenergic agonists after prolonged hemorrhagic shock. NO is released by a variety of lung cells following iNOS activation by inflammatory mediators. However, alveolar macrophages and alveolar epithelial cells have been shown to be the major source of iNOS-mediated NO production within the airspaces of the lung (17) . Our results showed that HO-1 induction with a rat hemoglobin solution did in fact cause a significant decrease in the production of NO by alveolar macrophages removed from the airspaces of hemorrhaged rats when compared with NO released by alveolar macrophages removed from hemorrhaged animals without prior HO-1 induction. Similarly, in vitro HO-1 activation with CoCl2 or hemin resulted in a significant decrease in the production of NO by MH-S cells, an alveolar cell line, upon stimulation with LPS. In contrast, HO-1 induction with CoCl2 or hemin in primary cultures of rat ATII cells did not result in an attenuation of NO production upon their subsequent exposure to proinflammatory cytokines despite a twofold increase in HO-1 enzymatic activity in these cells. We have previously reported that the activation of the heatshock response attenuated iNOS expression in both alveolar macrophages and lung epithelial cells in a similar model of hemorrhagic shock in rats (6) . Thus, our current data indicate that the induction of HO-1 associated with the stress response explains only in part the attenuation of the inflammatory response observed with stress preconditioning. It is likely, therefore, that other inducible heat shock proteins are involved in the stress preconditioning-mediated protective effect we observed in lung epithelial cells.
Our results are in accordance with prior studies that have examined the protection provided by HO-1 induction in acute lung injury. For example, HO-1 induction by intratracheal HO-1 adenoviral gene transfer protected rats against hyperoxia-induced lung injury (9) . However, when HO-1 expression was selectively induced in vivo in alveolar epithelial cells, the animals were not protected. In fact, a worsening of the oxidative injury to lung epithelial cells overexpressing HO-1 upon animal exposure to hyperoxia was found (28) . Could the lack of iNOS inhibition observed in our primary cultures of alveolar epithelial cells after HO-1 induction be explained by an insufficient activation of HO-1 enzymatic activity? This is unlikely for several reasons. First, the increase in HO-1 activity in alveolar epithelial cells observed in our study was similar to that measured when HO-1 expression was selectively induced in vivo in alveolar epithelial cells (28) . Second, previous work from these investigators has demonstrated that a further increase in HO-1 expression and activity is rather detrimental than protective against subsequent oxidative stress (29). Thus, it is possible that the level of HO-1 activity is already optimal in our primary alveolar cells and that any further increase in HO-1 activity would not provide additional protection against oxidative stress.
An increasing body of experimental evidence supports the fact that HO-1 reduces oxidative stress through the biological actions of its reaction products, CO (8-10) and biliverdin/bilirubin (13, 14) . Recently, Otterbein et al. demonstrated that CO elicits its cytoprotective and antiinflammatory function in the lung through selective activation of the mitogen-activated protein kinase (MAPK) p38 (15) . Furthermore, the same investigators have shown that CO decreased iNOS-dependent NO production by alveolar macrophages following exposure to endotoxin (30) . Our results indicate that the induction of HO-1 attenuated iNOS expression and NO release by alveolar macrophages by significantly decreasing the activation of two transcription factors, NF-κB and STAT 1, involved in the activation of the iNOS promoter (23) . The mechanisms by which HO-1 induction and the secondary release of CO affect these signaling pathways warrant further studies and appear to be cell and perhaps organ-specific. Indeed, this effect was not observed in our primary alveolar epithelial cells. Moreover, CO has recently been shown to actually activate the NF-κB signaling pathway in primary hepatocytes, thus inducing iNOS expression in these cells (30) . Finally, these results do not exclude that the induction of HO-1 may also directly affect the enzymatic activity of iNOS protein. Indeed, it has been shown that CO can bind to NOS protein (31) and that exogenously administered CO inhibits NOS activity (32) .
In summary, the results of this study provide the first in vivo evidence that the induction of HO-1 in the lung restores a normal fluid transport capacity of the alveolar epithelium in the early phase after onset of severe hemorrhagic shock. The protective effect provided by HO-1 activation in the lung appears to be cell specific and was mediated by an attenuation of the iNOS-dependent NO release by alveolar macrophages, thus reducing NO-mediated oxidative stress to the lung epithelium. Inhibition of iNOS expression in alveolar macrophages following HO-1 activation was mediated in part by the inhibitory effect of HO-1 on the NF-κB and Jak-Stat 1 signaling pathways. These results are of clinical importance because a recent study in critically ill patients revealed an increased production of reactive-oxygen-nitrogen intermediates in the distal airspace of patients with acute lung injury. In turn, these changes were associated with impaired alveolar fluid clearance (33) , an early predictor of prolonged duration of mechanical ventilation and higher hospital mortality in patients with acute lung injury (34) . Further studies will determine whether the clinical exploitation of HO-1 for therapeutic purposes in acute lung injury could be achieved via modulation of its enzymatic activity, downstream regulatory factors or by the direct application of CO via gas administration or chemical delivery once the safety issues associated with CO delivery have been resolved. hemoglobin causes an increase in lung HO-1 activity, an effect that was prevented by pretreatment with tin protoporphyrin IX (SnPP). Rats were treated with i.v. hemoglobin (300 mg/kg); 16 h later, the animals were sacrificed, and the lungs were removed and examined for HO-1 activity. In some animals, SnPP (50 µmol/kg) was administered subcutaneously 5 h prior to the i.v. injection of hemoglobin. Treatment with i.v. hemoglobin causes a significant increase in HO-1 activity in the lung homogenate, an effect that was prevented by pretreatment with SnPP. Results are shown as mean ± SEM. *P < 0.05 from control rats that did not receive any pretreatment. **P < 0.05 from rats that were treated with i.v. hemoglobin alone. hemoglobin (300 mg/kg). Some animals were pretreated with s.c. SnPP (50 µmol/kg) 5 h before the i.v. injection of hemoglobin. Some of the animals were then subjected to hemorrhagic shock. Animals were sacrificed, and alveolar macrophages were recovered from BAL fluid and were cultured ex vivo for 24 h with or without stimulation with LPS (0, 1, and 10 ng/ml). Results are shown as mean ± SEM. *P < 0.05 from comparable experiments performed with alveolar macrophages isolated from control rats. (100 µM) or its vehicle. Some cells were co-treated with SnPP (15 µM) or its vehicle, an inhibitor of HO-1 enzymatic activity. Cells were then lysed and HO-1 activity was measured as described in Materials and Methods; results are shown as the mean ± SEM of four different experiments repeated in triplicate; *P < 0.05 from controls; **P < 0.05 from cell monolayers that were exposed to CoCl2. B) Pretreatment with CoCl2 attenuates the endotoxin-mediated release of NO from MH-S cells. MH-S cells were incubated overnight with CoCl2 (100 µM) or its vehicle. Some cells were co-treated with SnPP (15 µM) or its vehicle. Cells were then exposed to LPS (10 ng/ml) or its vehicle for 24 h. Nitrite content of the cell culture medium was measured using the Griess reagent. Results are shown as the mean ± SEM of four different experiments repeated in triplicate. *P < 0.05 from controls. **P < 0.05 from cells that were exposed to LPS alone. C) Pretreatment with CoCl2 decreases the expression of iNOS protein induced by the exposure of MH-S cells to endotoxin. MH-S cells were incubated overnight with CoCl2 (100 µM) or its vehicle. Some cells were co-treated with SnPP (15 µM) or its vehicle. Cells were then exposed to LPS (10 ng/ml) or its vehicle for 24 h. Cells then were harvested and analyzed for their content of iNOS protein via Western blotting. One representative experiment is shown for each experimental condition. Four additional experiments gave comparable results, as shown by densitometry analysis. Western blot for β-actin protein is shown to demonstrate equal protein loading. D) Pretreatment with hemin attenuates the endotoxinmediated release of NO from MH-S cells. MH-S cells were incubated overnight with hemin (30 µM) or its vehicle. Cells were then exposed to LPS (10 ng/ml) or its vehicle for 24 h. Nitrite content of the cell culture medium was measured using the Griess reagent. Results are shown as the mean ± SEM of four different experiments repeated in triplicate. *P < 0.05 from controls. **P < 0.05 from cells that were exposed to LPS alone. Rat ATII cell monolayers were cultured with an air-liquid interface for 4 days. After 4 days, rat ATII cell monolayers were incubated overnight with CoCl2 (100 µM) or its vehicle. Cells were then lysed and HO-1 activity measured as described in Materials and Methods. Results are shown as mean ± SEM. *P < 0.05 from controls. B) Pretreatment with CoCl2 does not affect the cytokine-mediated release of NO from rat ATII cell monolayers. Rat ATII cell monolayers were incubated overnight with CoCl2 (100 µM) or its vehicle. ATII cell monolayers were then exposed to a mixture of proinflammatory cytokines (TNF-α, IL1 β, IFN-γ) for 24 h at a concentration of 10 ng/ml. Nitrite content of the cell culture medium was measured using the Griess reagent. Results are shown as the mean ± SEM of four different experiments repeated in triplicate. *P < 0.05 from controls. C) Pretreatment with hemin does not affect the cytokine-mediated release of NO from rat ATII cell monolayers. Rat ATII cell monolayers were incubated overnight with hemin (30 µM) or its vehicle and then exposed to a mixture of proinflammatory cytokines (TNF-α, IL1 β, IFN-γ) for 24 h at a concentration of 10 ng/ml. Nitrite content of the cell culture medium was measured using the Griess reagent. Results are shown as the mean ± SEM of four different experiments repeated in triplicate. *P < 0.05 from controls. MHS cells were then exposed to LPS (10 ng/ml) or its vehicle for 30 min. Nuclear extracts were prepared (see Materials and Methods), and 5 µg of nuclear protein were incubated with a 32 P-labeled NF-κB consensus oligonucleotide. In some reactions, a 100-fold excess of the unlabeled NF-κB oligonucleotide was added (indicated as cold probe or cp in the figure). The experiment was performed five times. One representative experiment is shown. B) HO-1 induction inhibits LPS-induced phosphorylation of IκBα and p65 subunit of NF-κB. MH-S cells were incubated overnight with CoCl2 (200 µM) or its vehicle. MH-S cells were then exposed to LPS (10 ng/ml) or its vehicle for 5 min (phospho-IκBα) or 15 min (phospho-p65). The cells were harvested, and the levels of phosphorylated IκBα and phosphorylated p65 subunit of NF-κB were determined via Western blot. C) HO-1 induction did not induce phosphorylation of p38 MAP kinase. MH-S cells were incubated overnight with CoCl2 (200 µM) or its vehicle. MH-S cells were then exposed to LPS (10 ng/ml) or its vehicle for 15 min. The cells were harvested, and the levels of phosphorylated p38 MAP kinase were determined via Western blot. In some experiments, SB203580 (20 µM), an inhibitor of the α-and β-isoforms of p38 MAP kinase, was added to the cell medium 1 h prior to exposure to LPS or its vehicle. The experiment was performed four times. One representative experiment is shown. -200 µM) or its vehicle. Cells were then exposed to IFN-γ (10 ng/ml) or its vehicle for 24 h. Nitrite content of the cell culture medium was measured using the Griess reagent. Results are shown as the mean ± SEM of four different experiments repeated in triplicate. *P < 0.05 from controls. B) HO-1 induction attenuates IFN-γ-induced tyrosine 701 phosphorylation of Stat 1. MH-S cells were incubated overnight with CoCl2 (200 µM) or its vehicle. MHS cells were then exposed to IFN-γ (10 ng/ml) or its vehicle for 30 min. The cells were harvested, and the levels of tyrosine 701 phosphorylated Stat 1 were determined via Western blot. In some experiments, SB203580 (20 µM), an inhibitor of the α-and β-isoforms of p38 MAP kinase, was added to the cell medium 1 h prior to exposure to IFN-γ or its vehicle. The experiment was performed four times. One representative experiment is shown.
